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Macroecology of the host determines microecology of
endobionts: protozoal faunas vary with wild ruminant feeding
type and body mass
Abstract
Wild ruminants may differ in their protozoal fauna according to their feeding type, but a comprehensive
evaluation of available data is lacking. Here, we evaluate the literature data available on the protozoal
fauna (diversity, concentration and proportions of the major groups including Entodiniinae,
Diplodiniinae and Isotrichidae) in relation to the natural diet (as percentage of grass in the natural diet,
%grass) and body mass (BM) in 55 wild ruminant species. The effects of ruminant phylogeny were
controlled for using phylogenies based on molecular data and phylogenetic generalized least-squares.
Transferring results from domestic to wild ruminants, we hypothesized (1) a decrease in the proportion
of Entodiniinae and an increase in that of Diplodiinae, with %grass in the natural diet; (2) a positive
correlation between Diplodiinae and Isotrichidae; (3) no influence of BM on these protozoal groups.
Based on the literature statements, we additionally expected that (4) protozoa diversity increased with
%grass and BM and that (5) protozoa concentrations were independent of both BM but decreased with
%grass. Only hypothesis 1 was confirmed completely. Isotrichidae and Diplodiinae only tended to
correlate (P=0.08), but the proportion of Isotrichidae increased with BM. Protozoa diversity only
increased with BM but not with %grass. Protozoa concentrations were very variable across the %grass
range but in extreme grazers, only low concentrations were reported. The results indicate that diet
determines protozoa concentrations and part of the taxonomic composition of the protozoal fauna, but
not protozoal diversity. Yet, conditions determining the protozoal fauna have not been completely
understood; in particular, conditions relating to the presence of Diplodiinae and Isotrichidae, which
occur in opposing magnitudes in wild and domestic ruminants, respectively, remain to be investigated.
The results indicate clear effects of the ecology of host species (BM, natural diet) on the ecology of their
protozoal endobionts.
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Summary 18 
Wild ruminants may differ in their protozoal fauna according to their feeding type, but a 19 
comprehensive evaluation of available data is lacking. Here, we evaluate available literature 20 
data on the protozoal fauna (diversity, concentration, and proportions of the major groups 21 
including Entodiniinae, Diplodiniinae, Isotrichidae) in relation to the natural diet (as 22 
percentage of grass in the natural diet, %grass) and body mass (BM) in 55 wild ruminant 23 
species. Effects of ruminant phylogeny were controlled for using phylogenies based on 24 
molecular data and Phylogenetic Generalized Least-Squares. Transferring results from 25 
domestic to wild ruminants, we hypothesised (1) a decrease in the proportion of Entodiniinae 26 
and an increase in that of Diplodiinae, with %grass in the natural diet; (2) a positive 27 
correlation between Diplodiinae and Isotrichidae; and (3) no influence of BM on these 28 
protozoal groups. Based on literature statements, we additionally expected that (4) protozoa 29 
diversity increased with %grass and BM, and that (5) protozoa concentrations were 30 
independent of both BM but decreased with %grass. Only hypothesis 1 was confirmed 31 
completely. Isotrichidae and Diplodiinae only tended to correlate (p=0.08), but the proportion 32 
of Isotrichidae increased with BM. Protozoa diversity only increased with BM but not with 33 
%grass. Protozoa concentrations were very variable across the %grass range but in extreme 34 
grazers, only low concentrations were reported. The results indicate that diet determines 35 
protozoa concentrations and part of the taxonomic composition of the protozoal fauna, but not 36 
protozoal diversity. Yet, conditions determining the protozoal fauna not completely 37 
understood; in particular, conditions relating to the presence of Diplodiinae and Isotrichidae, 38 
which occur in opposing magnitudes in wild and domestic ruminants, respectively, remain to 39 
be investigated. The results indicate clear effects of the ecology of host species (BM, natural 40 
diet) on the ecology of their protozoal endobionts. 41 
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Introduction 44 
Herbivores rely on symbiotic microbes for digestion of plant cell walls; these microbes not 45 
only includes bacteria, archeae, and fungi, but also protozoa (Stevens & Hume 1998). 46 
Protozoa occur in the contents of the digestive tract in herbivores as diverse as marsupials, 47 
rodents, lagomorphs, primates, elephants, rhinos, tapirs, equids, suids, tayassuids, hippos, 48 
camelids (e.g. Carl & Brown 1983, Dehority 1986b, Lelkes & Chang 1987, Borges, 49 
Dominguez-Bello & Herrera 1996, Cameron 2003), in the hoatzin (Opisthocomus hoazin), a 50 
herbivorous bird (Dominguez-Bello, Ruiz & Michelangeli 1993) - and in ruminants. The role 51 
of protozoa in digestive processes is still unresolved, and domestic ruminants can live without 52 
them without evident disadvantage (Eugène, Archimède & Sauvant 2004). Therefore, the 53 
presence of a protozoal fauna is not considered essential for herbivores. 54 
 55 
A large body of literature has been produced on protozoa in ruminants, including on variation 56 
according to geographic region, season, location in the rumen, feeding regime, and diet 57 
composition (Müller 2010). General rules are difficult to extract, because of the large 58 
variation in study design and measurements. Among the effects demonstrated are a reduction 59 
in protozoa counts with fasting, an increase with increasing feeding frequency, an increase 60 
with an increased proportion of a concentrate food in the diet (but a decrease once so much 61 
concentrate is fed that conditions in the rumen become acidotic), and various effects of 62 
specific nutrients, additives, or secondary plant compounds (Müller 2010). Different groups 63 
of protozoa are recognized; among the most prominent are the subfamilies Entodiniinae, 64 
Diplodiniinae, Ophryosoleicinae, and the family Isotrichidae (the ‘holotrichs’) (Hungate 65 
1978, Jouany, Demeyer & Grain 1988, Dehority 1993). 66 
 67 
A quantitative evaluation of literature on domestic cattle yields the following results: the 68 
proportion of forage/roughage in the diet is not correlated to the total number of protozoa, but 69 
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is negatively correlated with the proportion of Entodiniinae in the protozoal fauna (Fig. 1a), 70 
and positively correlated with the proportion of Diplodiniinae (Fig. 1b). The proportion of 71 
Entodiniinae is positively correlated with the proportion of Epidiniinae (ρ=0.250, p<0.047, 72 
n=64) and negatively correlated with the proportion of Diplodiniinae (Fig. 1c), Isotrichidae 73 
(Fig. 1d), and ‘other’ species. In contrast, the proportion of Diplodiniinae is negatively 74 
correlated with that of Epidiniinae (ρ=-0.348, p<0.011, n=52), and positively with that of 75 
Isotrichidae (Fig. 1e) and ‘other’ species (Fig. 1f). With respect to protozoa groups, diversity 76 
appears to increase with an increasing proportion of forage in the diet (Müller 2010). Similar 77 
correlations can be found in data on domestic sheep (Fig. 2). 78 
 79 
Wild ruminant species have been classified according to their feeding type (Hofmann & 80 
Stewart 1972, Hofmann 1989) into browsers, grazers, or mixed feeders. Grass and browse 81 
forages differ in nutrient composition and fermentation patterns (Hummel et al. 2006b), and 82 
browsers and grazers differ in aspects of their rumen physiology (Clauss, Hume & Hummel 83 
2010). Differences in the protozoal fauna between feeding types have been suspected 84 
repeatedly (Clauss & Lechner-Doll 2001) and could be linked to both forage and animals 85 
factors. A quantitative evaluation of available data, however, is lacking. 86 
 87 
The aim of this study was to fill that gap. We collated literature data on the protozoal fauna of 88 
wild ruminant species to test the following hypotheses derived from transferring results from 89 
domestic ruminants to wild species. In doing so, we assumed that changes due to an increased 90 
proportion of roughage in the diet of domestic ruminants would equal an increase in the 91 
proportion of grass in the natural diet of wild ruminants. 92 
 93 
Hypothesis 1: As in domestic cattle fed high proportions of roughage (Fig. 1ab), wild 94 
ruminant species with a high proportion of grass in the natural diet have a low proportion of 95 
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Entodiniinae and a high proportion of Diplodiniinae in their protozoal fauna. In general, 96 
Entodiniinae are considered to be particularly adapted to the ingestion of starch, whereas 97 
Diplodiniinae are generally considered to be particularly adapted to metabolise plant cell wall 98 
(fibre) material (Dogiel 1927, Oxford 1955, Hungate 1966, Van Hoven 1978, Levine 1985, 99 
Hristov & Jouany 2005). Because differences in fermentation patterns between grass and 100 
browse resemble in principle (but not in extent) those between grass and starchy concentrates 101 
(Hummel et al. 2006a, Hummel et al. 2006b), Entodiniinae might not only be adapted to the 102 
ingestion of starch but also to deal with faster-fermenting carbohydrates in general. Actually, 103 
many authors reported that the protozoal fauna of browsers consists of Entodiniinae only 104 
(Buisson 1924, Dogiel 1925, Dogiel 1932, Hungate 1966, Grubb & Dehority 1975, Drescher-105 
Kaden 1981, Hoppe, Gwynn & Van Hoven 1981, Towne, Nagaraja & Kemp 1988, Varel & 106 
Dehority 1989, Towne et al. 1990a, Towne et al. 1990b, Franzolin & Dehority 1996, 107 
Dehority, Demarais & Osborn 1999, Dehority & Odenyo 2003), with often only one species, 108 
E. dubardi, present (Buisson 1923, Pearson 1969, Giesecke 1970, Prins & Geelen 1971, 109 
Dehority 1974, Drescher-Kaden & Seifelnasr 1977, Bonhomme 1990). In contrast, Drescher-110 
Kaden (1981) suggested that Diplodiniinae occur more often in grazers. Given this dichotomy 111 
in protozoa groups between the feeding types, we expect that across ruminant species, when 112 
proportions of Entodiniinae are high, then those of Diplodiniinae are low, and vice versa.  113 
 114 
Hypothesis 2: In domestic cattle and sheep, the proportion of Entodiniinae is negatively 115 
correlated to that of Isotrichidae (Fig. 1d, 2b), whereas the proportion of Diplodiniinae is 116 
positively correlated to that of Isotrichidae (Fig. 1e). Correspondingly, we expected an 117 
increase in the proportion of Isotrichidae with an increasing proportion of grass in the natural 118 
diet of wild ruminant species. Some authors, referring to mainly European ruminants, suggest 119 
that Isotrichidae (particularly Dasytricha and Isotricha) only occur in grazers (Giesecke 1969, 120 
1970, Prins & Geelen 1971, Drescher-Kaden 1981). 121 
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 122 
Hypothesis 3: Because no clear correlation exists between body size and feeding type in wild 123 
ruminant species (Clauss, Kaiser & Hummel 2008), hypotheses 1 and 2 should apply 124 
irrespective of body mass. We therefore expected that the proportions of Entidiniinae, 125 
Diplodiniinae, and Isotrichidae are not related to body mass in wild ruminant species. 126 
 127 
Hypothesis 4: Protozoa diversity increases with an increasing proportion of forage in the diet 128 
of domestic ruminants. For wild ruminants, numerous authors suspected that browsers have a 129 
less diverse protozoal fauna than grazers (Prins & Geelen 1971, Giesecke & Van Gylswyk 130 
1975, Dehority 1990, Imai et al. 1992, Ito, Imai & Ogimoto 1993, Dehority, Demarais & 131 
Osborn 1999, Clauss & Lechner-Doll 2001, Dehority & Odenyo 2003, Behrend et al. 2004). 132 
However, protozoal diversity may also be a function of the number of niches available for 133 
different protozoa species, which in turn may be a function absolute dimension of the 134 
protozoa habitat (Ezenwa et al. 2006) – i.e. rumen volume, which increases with body mass 135 
(Parra 1978, Demment 1982, Clauss, Lechner-Doll & Streich 2003). Therefore, we expected 136 
protozoa diversity to increase with the proportion of grass in the natural diet and with 137 
ruminant body mass. 138 
 139 
Hypothesis 5: If browse has a faster fermentation pattern than grass, and if browsers have a 140 
higher feeding frequency than grazers (Hummel et al. 2006b), lower protozoa concentrations 141 
may occur in species with a higher proportion of grass in the natural diet. Actually, many 142 
authors even suggested a generally higher protozoa concentration in the rumen of browsers as 143 
compared to grazers (Buisson 1923, Jameson 1925, Dogiel 1932, Wertheim 1934, Sládeček 144 
1946, Kraschenninikow 1955, Zielyk 1961, Pearson 1965, Pearson 1969, Giesecke 1970, 145 
Prins & Geelen 1971, Dehority 1974, Kleynhans & Van Hoven 1976, Wilkinson & Van 146 
Hoven 1976, Drescher-Kaden 1981, Hoppe, Gwynn & Van Hoven 1981, Dehority 1986a, 147 
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Dehority 1990, Imai & Rung 1990, Dehority 1994, Deutsch, Lechner-Doll & Wolf 1998). In 148 
contrast, the literature does not suggest an influence of body mass on protozoa concentrations. 149 
 150 
Methods 151 
We conducted a literature search, using Zoological Records, PubMed, and Google Scholar, 152 
using the terms ‘protozoa’, ‘rumen’, ‘ciliates’, and the genus and species names of wild 153 
ruminant species, which initially yielded > 200 000 hits. These were checked for articles 154 
relating to rumen protozoa. The reference lists of the remaining publications were used to 155 
complete the literature collection. Our aim was to achieve a collection of data on wild 156 
ruminants as complete as possible, and the final count was 162 publications with 128 157 
quantitative datasets. For domestic ruminants, completeness of the literature collection was 158 
not aimed for. 159 
 160 
Based on the classifications available from the sources, protozoa were categorized as 161 
Entodiniinae, Diplodiniinae, Epidiniinae, and Isotrichidae (Hungate 1978, Jouany, Demeyer 162 
& Grain 1988, Dehority 1993), and as ‘others’. Following Dehority and Odenyo (2003), we 163 
expressed protozoa concentrations as 104/ml (assuming 1 ml = 1 g when concentrations were 164 
given per gram rumen fluid), and the proportions of the protozoa groups as % of all species. 165 
Means were calculated for each ruminant species, excluding data from captive animals on 166 
artificial food (zoo animals), but including data from game ranches where animals mostly 167 
lived off the natural vegetation. We calculated means for all reported data, omitting cases 168 
where absence of protozoa had been reported. The resulting dataset is in Table 1; the full data 169 
collection with each individual data entry is in Müller (2010), and sources for the collection 170 
are in Appendix 2. 171 
 172 
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Data on mean species BM were calculated from Silva and Downing (1995). As in more recent 173 
evaluations of the influence of adaptation to the natural diet in ruminants (Clauss, Kaiser & 174 
Hummel 2008), the percentage of grass in the natural diet (%grass) was used to characterize 175 
species on a continuous scale. The bulk of the respective data were taken from Van Wieren 176 
(1996) and from the data collection that formed the basis of Owen-Smith (1997, data kindly 177 
provided by the author), which were supplemented by several other publications (Clauss et al. 178 
2006, 2008, Hofmann et al. 2008, Clauss et al. 2009a, 2010). Whenever seasonal data were 179 
available, the %grass used to characterise a species represents the mean of the values from 180 
different seasons. This literature data was collated from a variety of sources and methods, and 181 
does not represent the actual diet ingested by the individuals measured in this study. As in 182 
similar studies, the limitations of our approach need to be stated, such as that different 183 
measurements used to characterize a species do not derive from the same individual and most 184 
likely not even from individuals of the same population (in terms of geographical location and 185 
time). This applies to both the BM used and to the proportion of grass in the natural diet. 186 
Ideally, morphophysiological measurements and dietary history information should be 187 
derived from the same specimens – a requirement that can only be achieved for species in 188 
which isotope analysis in bone or teeth allows a quantification of the proportion of grass and 189 
browse ingested by a specimen used to measure other parameters (Codron et al. 2008). 190 
However, in large-scale comparative analyses as this, using species-related information from 191 
different sources is acceptable. 192 
 193 
Relationships among ruminant species were inferred for three data sets (35, 40, and 45 taxa) 194 
from a phylogenetic tree based on the complete mitochondrial cytochrome b gene. Respective 195 
DNA sequences were available from GenBank (http://www.ncbi.nlm.nih.gov) for all 196 
ruminant species. Sequences were aligned using CLUSTALX (Thompson et al. 1997), visually 197 
controlled and trimmed to identical lengths (1140 bp). To select the best-fitting nucleotide 198 
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substitution model for the data, we used the software jMODELTEST (v.0.1.1; Posada 2008). 199 
Analysis was based on a hierarchical likelihood ratio test approach implemented in 200 
jMODELTEST. The model selected for all three data sets was the general time-reversible 201 
(GTR) model (Lanave et al. 1984, Tavaré 1986) with an allowance both for invariant sites (I) 202 
and a gamma (G) distribution shape parameter (α) for among-site rate variation (GTR+I+G) 203 
(Rodriguez et al. 1990). The nucleotide substitution rate matrix for the GTR+I+G model was 204 
likewise calculated using jMODELTEST. Parameter values for the model selected were (45/ 40/ 205 
35 taxa): -lnL = 14 129.09/ 13 384.42/ 11 696.90, I = 0.473/ 0.47/ 0.4873, and α = 0.93/ 206 
0.897/ 1.0988 (8 gamma rate categories). The phylogenetic reconstructions based on these 207 
parameters were then performed using the maximum likelihood (ML) method implemented in 208 
TREEPUZZLE (v.5.2; Schmidt et al. 2002). Support for nodes was assessed by a reliability 209 
percentage after 10000 quartet puzzling steps; only nodes with more than 50% support were 210 
retained. The resulting tree (45 taxa only) is displayed in Figure 3. In order to meet the input 211 
requirements for the phylogenetic analysis implemented in the COMPARE 4.6 program 212 
(Martins 2004), we resolved the remaining polytomies to full tree dichotomy by introducing 213 
extreme short branch lengths (l = 0.000001) at multifurcating nodes. Taxa grouping in the 214 
bifurcating process followed the phylogenies proposed by Pitra et al. (2004) for Cervidae and 215 
by Fernandez and Vrba (2005) for all other taxa. 216 
 217 
The subjects of the comparative analyses were individual ruminant species, each 218 
characterized by its respective mean measurement as described above. Statistical analyses that 219 
relate to ruminant species were performed with and without accounting for phylogeny to test 220 
for the validity of a general, functional hypothesis and then to discriminate between 221 
convergent adaptation and adaptation by descent. Data were analysed by correlation (when 222 
only protozoa variables were compared) and general linear models (when the influence of 223 
both feeding type and BM on a variable were investigated). To include phylogenetic 224 
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information, we used the Phylogenetic Generalized Least-Squares approach (Martins & 225 
Hansen 1997, Rohlf 2001) in which a well-developed standard statistical method was 226 
extended to enable the inclusion of interdependencies among species due to the evolutionary 227 
process. To test the robustness of the results, each comparative analysis was performed for 228 
both a respective phylogenetic tree involving branch lengths (tree 1) and its counterpart tree 229 
based only on the phylogenetic topology (tree 2). As the results from these two methods had 230 
no relevant differences in the results, only the tests using tree 1 are given here. The 231 
COMPARE 4.6 program (Martins 2004) was used for the phylogenetically controlled 232 
calculations. The other statistical calculations were performed with the SPSS 15.0 software 233 
(SPSS, Chicago, IL, USA). The significance level was 0.05. 234 
 235 
Results 236 
The final dataset collated for this study is in Table 1. The Spearman correlation coefficients 237 
between different parameters characterizing the protozoa fauna of the ruminant species 238 
involved are in Table 2. In particular, the number of protozoa species (‘diversity’) did not 239 
significantly correlate with total protozoa concentration, but it showed a significant negative 240 
association with the proportion of Entodiniinae and a significant positive association with the 241 
proportions of Diplodiniinae, Isotrichidae, and “other” species (Table 2). Total protozoa 242 
concentration was not significantly associated with the proportion of any specific protozoa 243 
group. Significant negative correlations were found between the proportion of Entodiniinae 244 
and that of Diplodiniinae (Fig. 4) or ‘other’ species (Table 2), and the proportion of 245 
Diplodiniinae was positively associated with that of ‘other’ species and tended to correlate 246 
(p=0.080) with that of Isotrichidae (Table 2). 247 
 248 
Results from the general linear models for the influence of both BM and feeding type on 249 
characteristics of the protozoal fauna of wild ruminants are in Table 3. Generally, analyses 250 
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using the raw data and Phylogenetic Generalized Least-Squares yielded similar results, 251 
indicating a truly convergent effect of body mass or natural diet. The number of protozoa 252 
species (Fig. 5a) and the proportion of Isotrichidae were positively related to BM, but were 253 
not significantly influenced by the percentage of grass in the natural diet (Fig. 5b). The total 254 
protozoa concentration and the proportions of Entodiniinae, Diplodiniinae, and ‘other’ species 255 
did not depend on BM, but were significantly related to the percentage of grass in the natural 256 
diet: The total protozoa concentration (Fig. 5d) and the proportion of Entodiniinae (Fig. 5e) 257 
decreased, whereas the proportion of Diplodiniinae (Fig. 5f) and ‘other’ species increased 258 
with increasing percentage of grass in the natural diet. 259 
 260 
Discussion 261 
This literature evaluation clearly shows that both body mass and feeding type of wild 262 
ruminants are significantly correlated with characteristics of their protozoal fauna. Thus, ours 263 
is one of the rare reports on convergence in the endobionts harboured by vertebrates. So far, 264 
both convergence but also phylogenetic effects were reported for the bacterial microflora of 265 
carnivorous, omnivorous and herbivorous mammals (Ley et al. 2008), but not within different 266 
groups of herbivores. Interestingly, effects on protozoa appear to be limited to either body 267 
mass or feeding type, but no protozoal characteristic was identified that responded to both 268 
factors. Additionally, several correlations among protozoal characteristics could be 269 
demonstrated that resemble patterns in domestic ruminants and that have not been emphasized 270 
in the literature so far.  271 
 272 
Limitations of this study 273 
The protozoal fauna of ruminants is influenced by numerous environmental factors, such as 274 
seasonal variation in diet (Pearson 1965, Brüggemann, Giesecke & Walser-Käst 1967, 275 
Pearson 1969, Westerling 1970, Kulkerni et al. 1971, Van Hoven 1975, Hobson, Mann & 276 
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Summers 1976, Van Hoven 1978, Drescher-Kaden 1981, Kamler 1999, Ichimura et al. 2004), 277 
diurnal variation mostly linked to feeding events (Dehority & Mattos 1978, note that 278 
Drescher-Kaden 1981 did not find diurnal variation in chamois and red deer), geographical 279 
variation (Clarke 1964), and by differences according to the rumen region sampled (Dehority 280 
1984, Abe, Nakagawa & Iriki 1986), or, generally, by differences in the experience of the 281 
investigator and the method used for protozoa isolation and identification. In particular, the 282 
finding that protozoa diversity (number of species identified) was negatively related to the 283 
proportion of Entodiniinae but positively to that of Diplodiniinae, Isotrichidae and ‘other’ 284 
species (Table 3) could be an indication that investigator experience may have biased the 285 
results; one could, from these findings, speculate that many investigators could reliably 286 
identify Entodiniinae but not other protozoa groups. All these factors could not be controlled 287 
for in the calculation of species averages in this study, yet might have influenced individual 288 
results. However, for global comparisons using a large number of species such as performed 289 
here, our procedure is acceptable, yields interesting patterns, and thus generates new 290 
hypotheses that might be tested in controlled experiments. Such experiments should also be 291 
based on genetic methods for protozoa quantification rather than the morphological approach 292 
used in all the studies included in this data collection. 293 
 294 
Protozoa groups: Entodiniinae and Diplodiniinae 295 
The proportion of Entodiniinae was negatively correlated with the percentage of grass in the 296 
natural diet (Fig. 5e) but not with BM (Table 3). This resembles the pattern observed in 297 
domestic cattle (Fig. 1a), where Entodiniinae decrease with an increasing proportion of 298 
roughage in the diet. The proportion of Diplodiniinae was positively correlated with the 299 
percentage of grass in the natural diet (Fig. 5f) but not with BM (Table 4). This again 300 
resembles the pattern observed in domestic cattle (Fig. 1b), where Diplodiniinae increase with 301 
an increasing proportion of roughage in the diet (Hungate 1966, Oshio 1987). The dichotomy 302 
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between Entodiniinae and Diplodiniinae in the rumen of wild ruminants is one of the 303 
fascinating findings of this study and indicates either a clear difference in the conditions 304 
favourable to either group or a strict competition between them (Fig. 4); given the opposite 305 
relationships with %grass of both subfamilies, a direct competition can be ruled out. 306 
 307 
Our findings suggests that some similarities occur between the natural diets of browsers/ 308 
intermediate feeders and concentrate diets for domestic ruminants on the one hand, and 309 
between the natural diet of grazers and roughage diets for domestic ruminants on the other. 310 
The diet of browsers has traditionally been termed ‘concentrate’ (Clauss, Hume & Hummel 311 
2010) in spite of empirical evidence that it does not resemble concentrate feeds in its nutrient 312 
composition and digestibility (Robbins 1993, Codron et al. 2007a, Clauss & Dierenfeld 2008, 313 
Clauss, Kaiser & Hummel 2008). However, in comparison to grass and grass-based 314 
roughages, browse and concentrates share a pattern of fast fermentation (although 315 
concentrates ferment quite faster than browse) (Hummel et al. 2006a, Hummel et al. 2006b), 316 
the likely reason behind the lower pH measured in rumen fluid of browsing as compared to 317 
grazing ruminants (Jones et al. 2001). The other reason for a difference in rumen pH between 318 
ruminant species may lie in the digestive physiology. Some ruminants (‘moose-type’ 319 
ruminants; mostly browsers) have a lower rumen fluid throughput than others (‘cattle-type’ 320 
ruminants; intermediate feeders and grazers) (Clauss, Hume & Hummel 2010); a higher fluid 321 
throughput may be linked to a higher buffering capacity and hence to a higher pH. According 322 
to Nagaraja and Towne (1990) and Goad et al. (1998), protozoa species differ in their 323 
susceptibility to differences in pH; Entodiniinae and Isotrichidae appear less affected by low 324 
pH compared to Epidiniinae and Diplodiniinae. This suggests that Entodiniinae are favoured 325 
by lower, yet physiological pH ranges, and that some other protozoa species can better 326 
compete with Entodiniinae when the pH increases. However, Dehority (2005) found no 327 
differences  acid tolerance between representatives of different protozoa subfamilies including 328 
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Entodiniinae; this author suggested that not pH itself, but other factors related to it, must be 329 
responsible for the effects observed in previous studies. 330 
 331 
The difference in rumen physiology may affect the protozoal fauna in several other ways. In 332 
vitro, protozoa groups differ in their susceptibility to oxygen (Quinn, Burroughs & 333 
Christiansen 1962); Entodiniinae were less susceptible to oxygen than Diplodiniinae, whereas 334 
Isotrichidae were the least susceptible. The higher rumen fluid throughput in grazing 335 
ruminants (Clauss, Hume & Hummel 2010) may result, by displacement, in a lower 336 
oxygenation of rumen contents and thus favour other protozoa than Entodiniinae. Dehority 337 
(1984) found that the concentration of Entodiniinae was higher in the fluid fraction of ruminal 338 
contents, whereas that of Diplodiniinae was higher in the particulate fraction of rumen 339 
contents; this finding does not negate the capacity of Entodiniinae to generally attach to 340 
particles. As ‘cattle-type’ ruminants are characterised by both a high fluid throughput and a 341 
long particle retention (Hummel et al. 2005, Clauss, Hume & Hummel 2010), their 342 
physiology would favour Diplodiniinae. However, the outflow of protozoa from the rumen is 343 
generally lower than that expected based on fluid outflow alone, indicating sequestration of 344 
protozoa to either ingesta particles or the rumen wall (Weller & Pilgrim 1974, Leng et al. 345 
1981, Leng, Dellow & Waghorn 1986). To conclude, both diet factors (differences in 346 
fermentation patterns and resulting pH) and animal factors (differences in ruminal fluid 347 
throughput and resulting pH) might favour the difference in the proportion of Entodiniinae 348 
and Diplodiniinae between browsers/intermediate feeders and grazers. 349 
 350 
It has been suggested repeatedly that Entodiniinae are characterized, among protozoa groups, 351 
by comparatively short generation times, and that in ruminants with a presumably shorter 352 
digesta retention in the rumen – the browsers – Entodiniinae are therefore the only protozoa 353 
group that can become established in sustainable numbers (Van Soest 1994, Dehority, 354 
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Demarais & Osborn 1999, Clauss & Lechner-Doll 2001, Dehority & Odenyo 2003, Behrend 355 
et al. 2004). However, this argument should be used cautiously because, even though limited 356 
evidence indicates that browsing ruminants do have shorter ruminal particle retention times 357 
than grazers (Clauss, Hummel & Streich 2006, Hummel et al. 2006b), this does not hold true 358 
for fluid retention; in some typically grazing species, fluid retention in the rumen is actually 359 
relatively short (Clauss, Hummel & Streich 2006, Clauss, Hume & Hummel 2010). In 360 
addition, comparative investigations on the generation time of protozoa are lacking. Notably, 361 
most species that have been investigated for their generation time belong to the Entodiniinae, 362 
with only few data available for Diplodiinae (Dehority 2004), and none for Isotrichidae. The 363 
observation that Isotrichidae are more susceptible to dilution (and hence the effect of retention 364 
times) than other protozoa groups derives from in vitro continuous culture (dilution) 365 
experiments in which Isotrichidae were usually the first protozoa group to disappear (Rufener, 366 
Nelson & Wolin 1963, Slyter, Nelson & Wolin 1964, Abe & Kumeno 1973). While this 367 
observation might partly explain the absence of Isotrichidae (see below), it does not explain 368 
differences between Entodiniinae and Diplodiniinae. Potter and Dehority (1973) measured 369 
generation times between 6.8-17.7 h in domestic sheep for a mixed protozoal fauna 370 
(Entodiniinae 91.7%, Diplodiniinae 7.7%) without investigating changes in the protozoal 371 
species composition during growth. Their data and findings by Dehority (2004) suggest that 372 
generation times in general can adapt to ingesta turnover rates, are shorter than assumed based 373 
on in vitro studies, and might be similar between groups. Although this is far from being 374 
conclusive evidence, we suggest that the combined effect of diet and animal factors on rumen 375 
pH, rather than differences in digesta retention, determines the composition of the protozoal 376 
fauna in the rumen. 377 
 378 
Protozoa groups: Isotrichidae (holotrichs) 379 
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In spite of negative or positive associations of Isotrichidae with Entodiniinae and 380 
Diplodiniinae in domestic ruminants, and the association of the latter with wild ruminants’ 381 
natural diets, Isotrichidae were not associated with Entodiniinae and only weakly associated 382 
with Diplodiniinae (p=0.080) in wild ruminants. In addition, %grass did not influence 383 
Isotrichidae. Isotrichidae may be less affected by changes in the diet than other protozoa 384 
groups (Abe et al. 1973). Notably, Isotrichidae were observed in relevant proportions not only 385 
in large grazing ruminants, but also in the largest browsing ruminant, the giraffe (Giraffa 386 
camelopardalis) (Table 2). Isotrichidae occurred, at proportions above 1 %, only above BM 387 
of 100 kg. Giesecke (1970) stated that Isotrichidae do not occur in small ruminants. 388 
 389 
Isotrichidae are usually considered consumers of soluble carbohydrates, in particular mono- 390 
and disaccharides, but also some polysaccharides. In domestic ruminants, Isotrichidae reach 391 
their highest density when soluble carbohydrates are readily available in the diet (Williams 392 
1986). This appears similar to Entodiniinae, and based on this information, one would expect 393 
a similar pattern in Isotrichidae as in Entodiniinae. This is not the case. In domestic cattle, the 394 
proportion of Isotrichidae is clearly correlated to the proportion of Diplodiniinae (Fig. 1e), 395 
while in domestic sheep and wild ruminants, this correlation only tended towards significance 396 
(Table 2; domestic sheep: data [not shown] from sources for Fig. 2; r=0.270, p=0.080, n=43). 397 
The proportion of Isotrichidae is negatively correlated to that of Entodiniinae in domestic 398 
cattle and sheep (Fig. 1d, 2b), but not so in wild ruminant species (Table 2). Apparently, 399 
Isotrichidae are favoured by some conditions that also favour Diplodiniinae, but additional 400 
factors must play a role. For free-ranging ruminants, we do not suspect that larger species 401 
ingest diets with higher amounts of soluble carbohydrates; on the contrary, large body size is 402 
usually considered to correlate with the intake of lower-quality diets (Owen-Smith 1988, 403 
Codron et al. 2007b); therefore, dietary factors known to trigger higher proportions of 404 
Isotrichidae in domestic ruminants cannot be assumed to cause the observed increase in 405 
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Isotrichidae in larger free-ranging animals. These results indicate great complexity in the 406 
ecology of holotrich protozoa. 407 
 408 
The sequestration of Isotrichidae to the rumen and reticulum wall with periodical migration 409 
into the rumen contents has been well described (Abe & Iriki 1989, Dehority & Tirabasso 410 
1989); this behaviour appears to be peculiar for Isotrichidae (Ankrah, Loerch & Dehority 411 
1990). In theory, a low-viscosity rumen fluid such as described in ‘cattle-type’ ruminants 412 
(Clauss, Hume & Hummel 2010) should be ideal for such migrations; however, because 413 
feeding type was not related to the proportion of Isotrichidae, we suspect other causes. Maybe 414 
the larger reticulorumen of larger ruminants offers Isotrichidae more favourable conditions 415 
due to larger differences in digesta flow between individual rumen regions. 416 
 417 
Protozoa diversity and concentration 418 
Protozoa diversity was not correlated with protozoa concentration (Table 2). Therefore, 419 
different factors must be responsible for the support of high protozoa diversity (body mass) 420 
and high protozoa concentrations (feeding type). 421 
 422 
Across wild ruminants, protozoa diversity is not correlated to feeding type (Fig. 5b, Table 3). 423 
Previous assumptions in that direction might have been due to smaller datasets in which 424 
larger grazers were compared with smaller browsers (Hungate 1966, Giesecke & Van 425 
Gylswyk 1975, Singh, Iqbal & Setia 1993, Dehority & Orpin 1997). However, body mass is 426 
an important factor for protozoa diversity (Fig. 5a, Table 3). This observation resembles the 427 
finding that larger hosts also harbour a greater diversity of parasite species in their gut 428 
(Ezenwa et al. 2006). Diversity might therefore be mainly related to the size of the habitat 429 
available for protozoa (or any other endobionts). 430 
 431 
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Protozoa concentration was correlated to the natural diet (Fig. 5d, Table 3). However, 432 
browsers do not have consistently higher protozoa concentrations than grazers (Fig. 5d); 433 
instead, the most extreme grazers are limited to low protozoa concentrations only, whereas 434 
intermediate feeders and browsers are not. Actually, the range of protozoa concentrations 435 
observed in browsers and intermediate feeders is similar to that reported for domestic cattle 436 
and sheep (Fig. 1 and 2), which are mainly within the range of 50 - 150 x 104/ml. Thus, 437 
extreme grass-based diets, or adaptations to such diets, represent a constraint on protozoa 438 
concentrations in wild ruminants. One possible reason might be a decreased feeding 439 
frequency in grazing ruminants as compared to browsers (Hummel et al. 2006b) – which, in 440 
domestic ruminants, is associated with lower protozoa concentrations (Moir & Somers 1956, 441 
Dehority 2003). Because protozoa concentrations in domestic ruminants also increase with an 442 
increasing proportion of easily digestible components in the diet (Müller 2010), we assume 443 
that the natural diet ingested by grazing ruminants is particularly unfavourable to protozoa. 444 
Grass is characterised by a peculiar fibre composition with a low proportion of lignin as 445 
compared to browse, which leads to a high proportion of slowly fermentable material 446 
(Johnson 1976, Holechek, Pieper & Herbel 2004, Hummel et al. 2006b). If we assume that 447 
grazers react to this slow fermentation with long retention times and longer interfeeding 448 
intervals, a low uptake of easily digestible components might be responsible for the general 449 
low protozoa concentrations. Exactly which components of the diet of browsers and 450 
intermediate feeders are related to higher protozoa concentrations remains to be investigated. 451 
 452 
In general, rumen volume increases with BM (Parra 1978, Demment 1982, Clauss, Lechner-453 
Doll & Streich 2003) but the rumen surface enlargement due to papillation does not (Clauss et 454 
al. 2009b). Therefore, the relation of rumen surface to rumen volume will be higher in smaller 455 
ruminants as compared to larger ones (Clauss & Hummel 2005). Because body size had no 456 
effect on protozoa concentration, we conclude that neither the proportion of rumen wall to 457 
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rumen volume (as an opportunity for attachment), nor rumen volume itself, influences the 458 
protozoa concentration. 459 
 460 
The complete absence of protozoa was reported in the rumen of individual roe deer 461 
(Capreolus capreolus) (Wertheim 1934, Brüggemann, Giesecke & Walser-Käst 1967, 462 
Drescher-Kaden & Seifelnasr 1977, Bach, Calsamiglia & Stern 2005), dikdik (Madoqua 463 
guentheri) (Prins & Geelen 1971), Thomson’s gazelle (Gazella thomsoni) and Grant’s gazelle 464 
(Gazella granti) (Dehority & Odenyo 2003). These findings were not included in the 465 
calculation of species means, as protozoa were found in other individuals of these species. In 466 
the case of roe deer and dikdik, the absence of protozoa could be explained by the solitary 467 
nature of these species, where lack of contact to conspecifics might have prevented the 468 
transmission of protozoa; however, this explanation does not apply to the gazelle species that 469 
usually live in herds. These findings underline that protozoa are not essential for ruminant 470 
survival and that the acquisition of protozoa is subject to a certain degree of chance. 471 
 472 
Differences between wild and domestic ruminants 473 
Differences between domestic and wild ruminants were noted in this study that could be 474 
termed fundamental, due to the magnitude of the effect. In general, the proportion of 475 
Diplodiniinae in wild ruminants is often higher than that observed in domestic cattle and 476 
sheep (Fig. 1c, 2a and 4), although the latter show the typical ‘cattle-type’ digestive 477 
physiology. This difference reflect the general tendency for intensive feeding in domestic 478 
animal husbandry and the general reliance of free-ranging herbivores on fibrous foods, and 479 
thus indicate that dietary factors might be more important for the protozoal fauna than 480 
digestive physiology. 481 
 482 
 20 
Whereas Diplodiniinae appear to occur at lower proportions in domestic than in wild 483 
ruminants, the opposite is the case for Isotrichidae (Fig.1d with a range from 0-50 % in cattle, 484 
Fig. 2b with a range of 0-20 % in sheep, and the range of 0-12 % in wild ruminants, Table 2). 485 
This difference might again reflect the general tendency for intensive feeding in domestic 486 
animal husbandry and the general reliance of free-ranging herbivores on fibrous foods. 487 
Among domestic ruminants, the tendency for cattle to harbour higher proportions of 488 
Isotrichidae than sheep is in accord with the observed effect of BM on Isotrichidae in wild 489 
ruminants. The only ruminant species in which proportions of Isotrichidae higher than 12 % 490 
were reported in the literature for individual animals are the yak (Bos grunniens, 15 %), bison 491 
(Bison bison, 20 %), water buffalo (Bubalus bubalis, 25 %) and zebu (Bos indicus, 26 %) 492 
(sources in Appendix 2). Like cattle, all these species belong to the tribe Bovini. Bovini may 493 
represent ruminants particularly suited for harbouring Isotrichidae. In this respect, the anoa 494 
(Bubalus depressicornis) would be interesting to investigate, as it is a bovine with a 495 
particularly small body size. 496 
 497 
Conclusion 498 
The results of this study document the influence of the natural diet on the protozoal fauna of 499 
wild ruminants, with respect to protozoal concentration and the composition of the fauna, in 500 
particular with respect to Entodiniinae and Diplodiniinae. This is in accord with the current 501 
understanding of the ecology of these protozoal groups. In contrast, the occurrence of 502 
Isotrichidae (holotrich protozoa) was not linked to the natural diet, but to BM – as was overall 503 
protozoa diversity. Evidently, factors related to habitat size – rumen volume – are also 504 
important for the protozoal fauna. The discrepancies detected between wild and domestic 505 
ruminants with respect to the proportions of Diplodiniinae (higher in wild than in domestic 506 
ruminants) and Isotrichidae (lower in wild than in domestic ruminants) remain to be 507 
accounted for; similarly, apparently negative associations between Entodiniinae and 508 
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Isotrichidae in domestic ruminants warrant an explanation. The assumption that cattle 509 
relatives are particularly suited for the harbouring of Isotrichidae should also be further 510 
investigated. This study demonstrates that the ecology of host species, in particular the 511 
feeding behaviour, indeed influences the ecology of their protozoal endobionts. 512 
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Table 1. Data collection on protozoal fauna in wild ruminants used in this study (for sources 792 
see Appendix 2)  793 
Spezies BM FT %grass n* Protozoa 
species 
Protozoa 
concentration Ent Ep Dipl Isotr other 
 kg  (%)  (n) (104/ml) (%) (%) (%) (%) (%) 
Tragulus javanicus 2 BR 0.0 2 (2) 6.0 48.5      
Tragulus meminna 4 BR 0.0 1 (-) 7.0       
Antilocapra 
americana 45 GR 15.0 2 (2) 2.5 21.2 100.0 0.0 0.0 0.0 0.0 
Giraffa 
camelopardalis 904 BR 0.2 2 (2)  82.1 79.2 0.0 14.4 6.5 0.0 
Axis axis 57 IM 70 5 (62) 9.0 96.9 76.6 0.3 3.2 0.0  
Dama dama 52 IM 46.0 21 (200) 12.0 62.2 77.0 6.4 7.6 0.1 0.0 
Cervus unicolor 212 IM 45.0 2 (38) 21.0 92.6 87.9 0.0 7.2 3.9 0.5 
Cervus nippon 50 IM 50.0 23 (141) 4.4 106.2 92.6 0.3 5.7 0.2 0.1 
Cervus elaphus 154 IM 47.0 38 (491)  56.8 81.4 6.4 11.9 1.1 0.0 
Cervus canadensis 282 IM 64 1 (-) 3.0       
Capreolus capreolus 21 BR 9.0 25 (386+) 7.7 41.7 83.3 0.0 0.0 0.0 0.0 
Odocoileus 
virginianus 59 BR 9.0 8 (90) 4.3 167.6 94.9 0.6 3.2 0.0 0.5 
Odocoileus hemionus 56 BR 11.0 14 (19+) 5.3 34.1 99.8 0.0 0.0 0.2 0.0 
Alces alces 346 BR 2.0 5 (5) 8.3 112.5 89.2 2.0 8.8 0.0 0.0 
Rangifer tarandus 120 IM 36.0 18 (330) 19.2 120.9 78.3 4.2 17.2 0.8 0.0 
Bison bison 647 GR 84.0 7 (7) 8.0 54.1 55.6 3.6 28.5 6.9 34.5 
Bos grunniens 360 GR 80.0 3 (22) 17.3 28.7 57.6 2.3 26.5 11.8 1.8 
Bos gaurus 800 GR 85 1 (1) 28.0       
Syncerus caffer 493 GR 90.0 1 (-) 21.0       
Bubalus bubalis 900 GR 80.0 17 (76+) 25.6 31.5 72.4 0.1 24.5 1.5 0.9 
Tragelaphus spekei 104 IM 67.5 2 (2+) 1.0  100.0     
Tragelaphus scriptus 44 BR 10 1 (-) 3.0       
Tragelaphus 
strepsiceros 194 BR 5.0 3 (7+) 21.0 90.5      
Taurotragus oryx 366 IM 50.0 2 (2)  62.4 86.2 0.0 12.9 0.8 0.2 
Sylvicapra grimmia 15 BR 5.0 3 (2+) 2.0 214.2      
Cephalophorus 
harvey 13 BR 1.0 1 (2)  138.0      
Hippotragus equinus 225 GR 85.0 1 (-) 1.0  0.0 0.0 100.0 0.0 0.0 
Hippotragus niger 212 GR 93.0 9 (9+) 9.1 19.4 32.0 0.0 66.6 1.4 0.0 
Kobus ellipsiprymnus 160 GR 80.0 2 (2+) 14.0 30.3      
Kobus kob 60 GR 95.0 1 (2) 6.0       
Kobus leche 103 GR 95.0 1 (76) 24.0 25.7 63.4 0.0 34.5 0.0 2.1 
Redunca redunca 40 GR 95.0 3 (3+) 11.0 29.7      
Redunca arundinum 47 GR 95.0 1 (10) 13.0       
Redunca fulvorufula 30 GR 95.0 1 (34) 22.0       
Oreotragus 
oreotragus 12 BR 5.0 1 (-)  116.1      
Raphiceros rufescens 10 IM 34.0 2 (2+) 7.0 37.6      
Madoqua guentheri 5 BR 5.0 2 (2+) 10.0 229.4 65.6 0.0 21.4 0.0 13.0 
Gazella thomsoni 19 IM 75 1 (-) 1.0  100.0 0.0 0.0 0.0 0.0 
Gazella granti 50 IM 50.0 1 (1)  234.7 100.0 0.0 0.0 0.0 0.0 
Procapra gutturosa 28 IM 50.0 5 (5) 2.2 30.9 100.0 0.0 0.0 0.0 0.0 
Antidorcas 
marsupialis 39 IM 30.0 2 (23) 10.0 150.0 100.0 0.0 0.0 0.0 0.0 
Aepyceros melampus 48 IM 60.0 7 (15+) 4.0 216.7 59.6 13.2 27.2 0.0 0.0 
Connochaetes 
taurinus 184 GR 90.0 5 (10+)  42.4 15.4 0.0 77.2 2.4 5.1 
Alcelaphus 
buselaphus 136 GR 96.7 2 (2)  44.3 11.2 0.0 84.1 0.0 4.7 
Damaliscus lunatus 126 GR 99.3 3 (22+) 18.0 32.4 25.8 0.0 52.4 0.0 30.0 
Damaliscus dorcas 64 GR 90.0 7 (26) 8.0 29.0 26.2 1.5 53.9 0.0 16.9 
Rupicapra rupicapra 32 IM 74.0 35 (178) 9.1 100.1 88.3 8.1 3.1 0.0 1.3 
Capricornis crispus 30 IM 70.0 1 (31) 4.9 13.8 87.7 6.3 5.3 0.7 0.0 
Capra aegagrus 43 IM 28.0 1 (-) 9.0       
Ovis musimon 40 GR 69.0 8 (60)  60.1 80.4 9.6 9.9 0.2 0.0 
Ovis orientalis 68 GR 70.0 2 (2+) 8.5       
 27 
Ovis canadensis 104 IM 53.5 1 (1) 17.0       
Ovis dalli 56 IM 56.0 2 (2) 12.5 148.6 85.7 0.0 6.1 0.0 8.3 
Ovis nivicola 72 IM 60.0 1 (-) 7.0       
Ovibos moschatus 196 GR 62.0 17 (22) 14.3 83.8 59.4 1.4 38.4 0.8 0.0 
BM=body mass, FT=feeding type (BR=browser, IM=intermediate feeder, GR=grazer), %grass=percentage of grass in the natural diet, Ent= 794 
Entodiniinae, Ep= Epidiniinae, Dipl= Diplodiniinae, Isotr= Isotrichidae 795 
*n number of individual datasets used, in brackets the number of individual animals in all combined datasets; if the latter information is 796 
lacking, it is indicated by – or by a +; note that n is the maximum number of datasets - individual measures may be composed of lower n 797 
datasets 798 
799 
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Table 2. Spearman’s correlation coefficients (ρ) between different parameters characterizing 800 
the protozoal fauna of wild ruminant species 801 
   
Protozoa 
conc. 
Proportion of 
Entod. Epid. Diplod. Isotr. ‘other’ 
Number of protozoa species 
  
ρ -0.106 -0.406 0.087 0.420 0.436 0.485 
p 0.571 0.032 0.659 0.026 0.020 0.009 
n 31 28 28 28 28 28 
Protozoa concentration 
  
ρ  0.261 0.122 -0.247 -0.255 -0.010 
p  0.149 0.506 0.172 0.158 0.958 
n  32 32 32 32 32 
Proportion of 
Entodiniinae 
ρ   -0.161 -0.958 -0.272 -0.506 
p   0.355 <0.001 0.113 0.002 
n   35 35 35 35 
Epidiniinae 
ρ    0.111 0.263 -0.022 
p    0.526 0.126 0.899 
n    35 35 35 
Diplodiniinae 
ρ     0.300 0.416 
p     0.080 0.013 
n     35 35 
Isotrichidae 
ρ      0.048 
p      0.785 
n      35 
Significant correlations are indicated in bold 802 
p=probability value, n=number of ruminant species 803 
 804 
 805 
 806 
 807 
 808 
Table 3. Results of general linear models using body mass and the percentage of grass in the 809 
natural diet (%grass) as independent variables 810 
Dependent variable Raw data Phylogenetic Generalized Least-Squares 
 Body mass Feeding type (%grass) Body mass Feeding type (%grass) 
Number of protozoa species 
n=45 
b = 0.017 
p = 0.001 
b = 0.041 
p = 0.168 
b = 0.017 
p = 0.001 
b = 0.040 
p = 0.180 
Total protozoa concentration 
n=40 
b = -0.048 
p = 0.270 
b = -0.698 
p = 0.013 
b = -0.036 
p = 0.429 
b = -0.708 
p = 0.025 
Proportion of Entodiniinae 
n=35. 
b = -0.018 
p = 0.292 
b = -0.601 
p < 0.001 
b = -0.023 
p = 0.154 
b = -0.461 
p = 0.002 
Proportion of Epidiniinae 
n=35 
b = -0.002 
p = 0.391 
b = 0.011 
p = 0.555 
b = -0.002 
p = 0.404 
b = 0.011 
p = 0.571 
Proportion of Diplodiniinae 
n=35 
b = 0.018 
p = 0.275 
b = 0.532 
p < 0.001 
b = 0.023 
p = 0.155 
b = 0.409 
p = 0.005 
Proportion of Isotrichidae 
n=35 
b = 0.007 
p < 0.001 
b = 0.006 
p = 0.605 
b = 0.006 
p = 0.001 
b = 0.004 
p = 0.746 
Proportion of ‘other’ species 
n=35 
b = 0.004 
p = 0.488 
b = 0.097 
p = 0.040 
b = 0.004 
p = 0.506 
b = 0.095 
p = 0.048 
Significant factors are indicated in bold 811 
b = regression coefficient, p = probability value  812 
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Fig. 1. Correlations of protozoal fauna characteristics in domestic cattle (for sources, see Appendix 1). a) 814 
between the proportion of roughage in the diet (per dry matter) and the proportion of Entodiniinae (of all 815 
protoza); ρ=-0.716, p<0.0001, n=47; b) between the proportion of roughage in the diet (per dry matter) and the 816 
proportion of Diplodiniinae (of all protoza); ρ=0.851, p<0.0001, n=32; c) between the proportions of 817 
Entodiniinae and Diplodiniinae (of all protozoa); ρ=-0.647, p<0.0001, n=52; d) between the proportions of 818 
Entodiniinae and Isotrichidae (of all protozoa); ρ=-0.567, p<0.0001, n=74; e) between the proportions of 819 
Diplodiniinae and Isotrichidae (of all protozoa); ρ=0.574, p<0.0001, n=52; f) between the proportions of 820 
Diplodiniinae and ‘other’ protozoa species (of all protozoa); ρ=0.642, p<0.0001, n=29. 821 
 822 
  823 
 30 
a 
 
b 
 
 
c 
 
 
d 
 
 824 
Fig. 2. Correlations of protozoal fauna characteristics in domestic sheep (for sources, see Appendix 1). a) 825 
between the proportions of Entodiniinae and Diplodiniinae (of all protozoa); ρ=-0.779, p<0.0001, n=43; b) 826 
between the proportions of Entodiniinae and Isotrichidae (of all protozoa); ρ=-0.488, p<0.0001, n=96; c) 827 
between the proportions of Entodiniinae and ‘other’ protozoa species (of all protozoa); ρ==-0.862, p<0.0001, 828 
n=43; d) between the proportions of Diplodiniinae and ‘other’ protozoa species (of all protozoa); ρ=0.843, 829 
p<0.0001, n=43. 830 
831 
 31 
 832 
Fig. 3. Phylogenetic Maximum Likelihood tree for the largest data set used for the Phylogenetic Generalized 833 
Least Squares procedures in this study. 834 
 835 
 32 
 836 
 837 
Fig. 4. Correlation between the proportions of Entodiniinae and Diplodiniinae in the rumen contents of wild 838 
ruminant species (data from Table 1, statistics in Table 2). 839 
  840 
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 841 
Fig. 5. Correlations in wild ruminant species (data from Table 1, Statistics in Table 3) between a) body mass and 842 
number of protozoa species, b) percentage of grass in the natural diet and number of protozoa species, c) body 843 
mass and total protozoa concentration, d) percentage of grass in the natural diet and total protozoa concentration, 844 
e) percentage of grass in the natural diet and the proportion of Entodiniinae (of all protozoa), f) percentage of 845 
grass in the natural diet and the proportion of Diplodiniinae (of all protozoa) 846 
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Appendix 1 
Literature sources for domestic cattle (Fig. 1) 
(Srivastava & Chaturvedi 1973, Metzger, Baker & Schingoethe 1976, Dehority & Mattos 1978, Nour et al. 1979, Lyle et al. 1981, Dehority, 
Damron & McLaren 1983, Dennis et al. 1983, Bragg, Murphy & Davis 1986, Punia, Leibholz & Faichney 1987, Towne & Nagaraja 1989, 
Towne, Nagaraja & Cochran 1989, Froetschel et al. 1990, Kreikemeier et al. 1990, Nagaraja & Towne 1990, Towne et al. 1990, Towne et 
al. 1991, Nagaraja, Towne & Beharka 1992, Franzolin & Dehority 1996, Dehority, Grings & Short 1999, Hristov et al. 2001, Mohammed et 
al. 2004) 
 
Literature sources for domestic sheep (Fig. 2) 
(Van der Wath & Myburgh 1941, Purser & Moir 1959, Christiansen, Woods & Burroughs 1964, Klopfenstein, Purser & Tyznik 1966, Purser 
& Moir 1966, Dehority & Purser 1970, Potter & Dehority 1973, Weller & Pilgrim 1974, Czerkawski et al. 1975, Grubb & Dehority 1975, 
Dehority 1978, Nour et al. 1979, Ikwuegbu & Sutton 1982, Michalowski, Harmeyer & Breves 1986, De Smet, Demeyer & Van Nevel 1992, 
Odenyo, Osuji & Karanfil 1997, Enzinger & Hartfiel 1998, Dehority & Odenyo 2003) 
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Appendix 2 
Literature on the protozoal fauna of wild ruminants; for data selection see Methods 
 
Chevrotains (Tragulus spp.) 
Qualitative reports: Jameson (1925) 
Quantitative reports: Imai et al. (1995) on Tragulus javanicus, Dogiel (1927) on Tragulus memminna 
 
Pronghorn (Antilocapra americana) 
Quantitative reports: Dehority (1995) 
 
Giraffe (Giraffa camelopardalis) 
Quantitative reports: Dehority und Odenyo (2003) 
 
Okapi (Okapia johnstoni) 
Qualitative reports: Clauss et al. (2006) on one captive individual in which Entodinium (E. dubardi, E. 
longinucleatum, E. simulans, E. rectangulatum, E. simplex, E.caudatum, C. exiguum, E. parvum, E. 
rostratum) and Dasytricha (D. ruminantium) were found 
 
Axis deer (Axis axis) 
Quantitative reports: Dehority et al. (1999) 
 
Fallow deer (Dama dama) 
Quantitative reports: Sládeček (1946), Prins and Geelen (1971), Drescher-Kaden and Seifelnasr 
(1977), Dehority et al. (1999), Kamler (1999) (free-ranging/game farm); Enzinger and Hartfiel (1998) 
(captivity) 
 
Sambar deer (Cervus unicolor) 
Quantitative reports: Banerjee (1955), Tung et al. (1995) 
 
Sika deer (Cervus nippon) 
Quantitative reports: Ito et al. (1993), Tung et al. (1996), Dehority et al. (1999), Ichimura et al. (2004) 
(free-ranging/game farm); Imai et al. (1993), Imai et al. (2002) (captivity) 
 
Red deer (Cervus elaphus) 
Quantitative reports: Brüggemann et al. (1967), Prins und Geelen (1971), Hobson et al. (1976), 
Drescher-Kaden (1981), Kamler (1999) 
additional data available from Dehority (1997) was by accident not included in this study 
 
Wapiti (Cervus elaphus canadensis) 
Quantitative reports: Dogiel (1927) 
additional data available from Dehority (1995) was by accident not included in this study 
 
Roe deer (Capreolus capreolus) 
Quantitative reports: Dogiel (1927), Wertheim (1934b), Prins and Geelen (1971), Brüggemann et al. 
(1967), Drescher-Kaden and Seifelnasr (1977), Blancou et al. (1984), Deutsch et al. (1998), Kamler 
(1999) (free-ranging); Enzinger and Hartfiel (1998) (captivity) 
 
White-tailed deer (Odocoileus virginianus) 
Quantitative reports: Pearson (1965), Dehority (1990), Dehority (1995), Dehority et al. (1999) 
 
Mule deer (Odocoileus hemionus) 
Quantitative reports: Pearson (1969), Van Hoven et al. (1992), Dehority (1995)  
 
Moose (Alces alces) 
Quantitative reports: Dehority (1974) (free-ranging); Dehority et al. (1999) (captivity) 
 
Reindeer (Rangifer tarandus) 
Qualitative reports: Lubinsky (1958a, 1958b) 
 2
Quantitative reports: Dogiel (1927), Giesecke (1970), Westerling (1970), Dehority (1975), Hobson et 
al. (1976), Imai et al. (Imai et al. 2004) 
 
Bison (Bison bison) 
Quantitative reports: Pearson (1967) (free-ranging); Towne et al. (1989), Varel and Dehority (1989), 
Towne and Nagaraja (1990) (captivity) 
 
Yak (Bos grunniens) 
Quantitative reports: Dogiel (1934), Guirong et al. (2000) 
note that yak should be considered a domesticated species; it was nevertheless included into the 
comparative analysis because we considered it less “domesticated” than cattle 
 
Zebu (Bos indicus) 
Quantitative reports: Shimizu et al. (1983), Imai and Ogimoto (1984), Imai (1986), Dehority and 
Odenyo (2003) (game farm); Dogiel (1932), Bonhomme-Florentin et al. (1978), Dehority (1986) 
(captivity) 
note that zebu should be considered a domesticated species; it was not included in the comparative 
analysis for lack of genetic information that would have allowed inclusion into the phylogenetic tree 
 
Gaur (Bos gaurus) 
Quantitative reports: Kofoid and Christenson (1934) 
 
Kafferbüffel (Syncerus caffer) 
Quantitative reports: Dogiel (1932) 
 
Water buffalo (Bubalis bubalis) 
Quantitative reports: Dogiel (1927), Giesecke and Van Gylswyk (1975), Fujita et al. (1979), Imai et 
al. (1981), Shimizu et al. (1983), Imai and Ogimoto (1984), Imai (1985), Selim et al. (1996) (free-
ranging/game farm); Srivastava and Chaturvedi (1973), Sinha et al. (1974), Michalowski (1975), 
Dehority (1979), Nour et al. (1979), Singh et al. (1993), Franzolin und Dehority (1999), Machado 
Nogueira Filho et al. (2000), Gurung et al. (2002) (captivity) 
note that water buffalo should be considered a domesticated species; it was nevertheless included 
into the comparative analysis because we considered it less “domesticated” than cattle 
 
 
Sitatunga (Tragelaphus spekei) 
Quantitative reports: Buisson (1924), Dogiel (1932) 
 
Bushbuck (Tragelaphus scriptus) 
Qualitative reports: Buisson (1924) 
Quantitative reports: Dogiel (1932) 
 
Greater Kudu (Tragelaphus strepsiceros) 
Quantitative reports: Van der Wath and Myburgh (1941), Giesecke and Van Gylswyk (1975), 
Kleynhans (1982) 
 
Eland (Taurotragus oryx) 
Quantitative reports: Dehority and Odenyo (2003) 
 
Gray duiker (Sylvicapra grimmia) 
Qualitative reports: Buisson (1924) 
Quantitative reports: Dogiel (1927), Van der Wath and Myburgh (1941) 
 
Blue duiker (Cephalophus monticula) 
Qualitative reports: Dogiel (1932) 
Quantitative reports: Dehority (1994) (captivity) 
 
Red duiker (Cephalophus harveyi) 
Quantitative reports: Hoppe et al. (1981) 
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Roan antelope (Hippotragus equinus) 
Qualitative reports: Buisson (1924) 
Quantitative reports: Dogiel (1927) 
 
Sable antelope (Hippotragus niger) 
Quantitative reports: Van der Wath and Myburgh (1941), Van Hoven et al. (1979) 
 
Waterbuck (Kobus ellipsiprymnus) 
Quantitative reports: Dogiel (1932), Van der Wath and Myburgh (1941) 
 
Kob (Kobus kob) 
Quantitative reports: Dogiel (1932) 
 
Lechwe (Kobus leche) 
Quantitative reports: Imai et al. (1992) 
 
Bohor reedbuck (Redunca redunca) 
Quantitative reports: Dogiel (1932), Van der Wath and Myburgh (1941), Van Hoven (1983)  
 
Southern reedbuck (Redunca arundinum) 
Quantitative reports: Van Hoven (1983) 
 
Mountain reedbuck (Redunca fulvorufula) 
Quantitative reports: Van Hoven (1983) 
 
Klipspringer (Oreatragus oreotragus) 
Quantitative reports: Van der Wath and Myburg (1941) 
 
Steenbok (Raphiceros rufescens) 
Quantitative reports: Dogiel (1927), Van der Wath and Myburgh (1941) 
 
Günther’s dikdik (Madoqua guentheri) 
Quantitative reports: Dogiel (1927), Prins and Geelen (1971), Dehority and Odenyo (2003) 
 
Blackbuck (Antilope cervicapra) 
Quantitative reports: Kamra et al. (1991), Agarwal et al. (1996) (both in captive animals) 
 
Thomson’s gazelle (Gazella thomsonii) 
Quantitative reports: Dogiel (1932), Dehority and Odenyo (2003) 
 
Grant’s gazelle (Gazella granti) 
Quantitative reports: Dehority and Odenyo (2003) 
 
Mongolian gazelle (Procapra gutturosa) 
Quantitative reports: Imai and Rung (1990) 
 
Springbok (Antidorcas marsupialis) 
Quantitative reports: Giesecke and van Gylswyk (1975), Wilkinson and Van Hoven (1976) 
 
Impala (Aepyceros melampus) 
Quantitative reports: Dogiel (1927), Van der Wath and Myburgh (1941), Giesecke and Van Gylswyk 
(1975), Dehority und Odenyo (2003) 
 
Wildebeest (Connochaetes taurinus) 
Quantitative reports: Van der Wath and Myburgh (1941), Giesecke and Van Gylswyk (1975), 
Dehority und Odenyo (2003) 
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Hartebeest (Acelaphus buselaphus) 
Quantitative reports: Dehority und Odenyo (2003) 
 
Topi (Damaliscus lunatus) 
Quantitative reports: Van der Wath and Myburgh (1941), Van Hoven (1975), Ito et al. (1997) 
 
Bontebok (Damaliscus dorcas) 
Quantitative reports: Van Hoven (1978) 
 
Chamois (Rupicapra rupicapra) 
Quantitative reports: Wertheim (1934a), Christl (1955), Giesecke and Van Gylswyk (1975), Blancou 
et al. (1984), Drescher-Kaden and Seifelnasr (1977), Drescher-Kaden (1981), Crha et al. (1985) 
 
Serow (Capricornis crispus) 
Quantitative reports: Imai et al. (1981) 
 
Bezoar goat (Capra aegargus) 
Quantitative reports: Dogiel (Dogiel 1927) 
 
European mouflon (Ovis musimon) 
Quantitative reports: Drescher-Kaden and Seifelnasr (1977), Kamler (1999) 
 
Mouflon (Ovis orientalis) 
Quantitative reports: Dogiel (1927), Bush and Kofoid (1948) 
 
Bighorn sheep (Ovis canadensis) 
Quantitative reports: Bush und Kofoid (1948) 
 
Dall sheep (Ovis dalli) 
Quantitative reports: Dehority (1974) 
 
Snow sheep (Ovis nivicola) 
Quantitative reports: Bush und Kofoid (1948) 
 
Muskoxen (Ovibos moschatus) 
Quantitative reports: Tener (1965), Dehority (1974), Dehority (1985) 
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